Abstract: Experimental studies were made on isotropic cylindrical panels made of Aluminum 7075-T6 under uniaxial compression. The experimental values of the critical buckling load were determined using four di erent methods. The critical buckling load was also determined using MSC/NASTRAN and CQUAD8 nite element. The experimental values of the critical buckling load obtained by di erent methods were compared with the nite element solution. The e ects of the panel angle, panel length and panel thickness on the critical buckling load of isotropic cylindrical panels made of Aluminum 7075-T6 were studied. It is found that the Method III (based on a plot of applied load versus average axial strain) yields the highest value for critical buckling load and Method II (based on a plot of applied load versus square of out-of-planede ection) the lowest value for critical buckling load. The experimental values given by Method III are seen to be closest to the nite element solution. Critical buckling load increases monotonically as panel angle increases.
Introduction
Cylindrical panels are widely used as structural components in pipelines, large dams, shell roofs, liquid retain-ing structures, aerospace, automotive, and marine engineering structures. Experience shows that such structures fail frequently on account of instability arising from the slenderness of the members and their design requires accurate assessment of the critical buckling. The structures susceptible to buckling can be categorized as one dimensional (columns), two dimensional (plates and cylindrical shells), or three dimensional (substructures and structures). Buckling can be caused by in-plane compression loads, shear loads, or torsional loads. Buckling is one of the main important modes of failure in panels.
Buckling Characteristic on cylindrical curved panels is of considerable importance to the structural analyst. Over the past four decades, a lot of research has been focused on the static and dynamic buckling collapse and post buckling behavior of cylindrical curved panel using di erent techniques viz. experimental, linear stability, non-linear and nite element methods.
There are few studies made on experimental determination of critical buckling load of isotropic and laminated composite cylindrical panels and most of them have been discussed in detail by Singer et al. [1] . Becker et al. [2] studied the instability behavior of composite cylindrical panels. Hahn et al. [3] investigated the post-buckling strength of simply supported corrugated board panels subjected to edge compressive loading using a specially developed test xture experimentally. Rao and Gopalkrishna [4] dealt with the optimization of the orientation of plies in panels made of composite materials for maximum buckling strength. A sandwich curved beam subjected to a uniform loading was experimentally investigated by Bozhevolnaya and Kildegaard [5] . Han et al. [6] investigated the response of aluminum cylinders with a cutout subject to axial compression using the experimental method and the results were compared with the nite element solution. Li and Batra [7] investigated the buckling of axially compressed thin cylindrical shells with functionally graded middle layers using experimental techniques. Guduru and Xia [8] investigated shell buckling of imperfect multiwalled carbon nanotubes subjected to uniaxial compression. Young and Zhou [9, 10] made an extensive study on aluminum tubing sections and proposed design equations. Shariati et al. [11] carried out experimental studies of buckling and post-buckling of cylindrical panels subjected to axial compressive load and determined the e ects of variation of panel length, panel angle and boundary conditions on the critical buckling load. Shariati and Rokhi [12] examined the in uence of the cutout size, cutout angle and the shell aspect ratios L/D and D/t on the pre-buckling, buckling and post-buckling responses of the cylindrical shells.
Tsuji and Meshii [13] have proposed an image processing strain measurement system to evaluate fracture behavior of thin walled pipes. Prabu et al. [14] studied the neighborhood e ect of two circumferential short dents on the buckling behavior of thin short stainless steel cylindrical shell using nite element analysis. Prabu et al. [15] investigated the individual and combined e ects of distributed and local geometrical imperfections on the limit load of an isotropic, thin-walled cylindrical shell under axial compression using nonlinear static nite element analysis. Tahir and Mandal [16] have presented a numerical study on buckling and post-buckling behavior of laminated carbon ber reinforced plastic (CFRP) thin-walled cylindrical shells under axial compression using asymmetric meshing technique (AMT). Zhao et al. [17] used digital image correlation (DIC) method to predict the buckling load in shells and concluded that the theoretical value of buckling strength is much higher than the experimental value. Najafov et al. [18] studied the vibration and stability behavior of axially compressed three-layer truncated conical shells with a functionally graded (FG) middle layer surrounded by elastic media. Recently srinivasa et al presented a experimental and nite element studies on buckling and free vibration studies on skew plates and cylindrical panels A great need exists for an extensive study of the buckling behavior of cylindrical panels. The present investigation deals with the buckling studies on isotropic cylindrical panels using experimental and nite element methods. The experimental results are compared with the nite element solution obtained by using CQUAD8 nite element of MSC/NASTRAN. The accuracy of the elements has been veri ed with literature values. In this study the e ects of panel angle, panel length, thickness of the panel wall and boundary conditions on the critical buckling load of cylindrical panels are investigated.
Material and methods . Material
Isotropic cylindrical panel specimens made of Aluminum 7075-T6 were used in the studies. The material was supplied by Rio-Tinto Alcon, Canada. The material properties of the isotropic cylindrical panels made of Aluminum 7075-T6 are: E = 71.7 GPa, µ= 0.33 and ρ = 2800 kg/m and these data were supplied by the manufacturer. The values provided by the manufacturer were veri ed by conducting experiments as per ASTM standards. The experimental values obtained were quite close to those supplied by the manufacturer and hence the values given by the manufacturer were adopted. The isotropic assumption was veri ed by conducting experiments.
In this study the panel angle is varied from 60°to 120°, panel lengths are 100 mm, 150 mm and 200 mm and the panel wall thickness considered are 1.6 mm and 2.0 mm. The Extreme precaution was taken to ensure that the compressive load was applied axially and no geometric imperfections were present in the test specimens.
. Methods . . Finite element method
A linear buckling analysis was performed using MSC/NASTRAN software. CQUAD8 and CQUAD4 nite elements were validated in the present study. The CQUAD4 element is a four-node plate element having six degrees of freedom / node (translational (u, v, w) and rotational (θx, θy, θz )). The CQUAD8 element is a eight-node isoparametric shell element having six degrees of freedom / node (translational (u, v, w) and rotational (θx, θy, θz)). Both the elements take into account the shear deformations [20] [21] [22] [23] [24] [25] [26] .
Elastic buckling incorporates the e ect of the di erential sti ness, which includes higher order strain displacement relationships that are functions of the geometry, element type, and applied loads. From a physical standpoint, the di erential sti ness represents a linear approximation of softening (reducing) the sti ness matrix for a compressive axial load and sti ening (increasing) the sti ness matrix for a tensile axial load.
In buckling analysis, the equations are solved for the eigenvalues that are scale factors that multiply the applied load in order to produce the critical buckling load. In general, only the lowest buckling load is of interest, since the structure will fail before reaching any of the higher order buckling loads. Therefore, usually only the lowest eigenvalue needs to be computed.
The buckling eigenvalue problem reduces to:
Where K is the system sti ness matrix, K d is the differential sti ness matrix (generated automatically by MSC/NASTRAN, based on the geometry, properties, and applied load), and are the eigenvalues to be computed. Once the eigenvalues are found the critical buckling load is calculated by using the equation:
where Pcr are the critical buckling loads and P are the applied loads.
Lanczos method was used in the present study as it combines the best features of the other methods and computes accurate eigenvalues and eigenvectors [22, 26] . Table 2 shows the results of validation. It is clear from Table 2 that the CQUAD8 element is more accurate than the CQUAD4 element of MSC/NASTRAN. Hence it was decided to employ CQUAD8 element for further computation in the present work. To arrive at the mesh density to be used in the nite element mesh for reliable results, a convergence study was undertaken. The entire panel was taken for discretization. It was performed on both simply supported-free-simply supported-free (S-F-S-F) and clamped-free-clamped-free(C-F-C-F) isotropic cylindrical panels subjected to axial compression. The convergence details are presented in Table 1 . Table 1 . Convergence study for critical buckling load on cylindrical panels subjected to uniform in-plane loads (L=100 mm, θ =60°, R=38.5 mm, t=1.6 mm, ν =0.3, E=71.1x10 N/m ) 
. . Experimental method
Several procedures have been used by di erent investigators to evaluate the critical buckling load of rectangular plates [Singer et al.] . These are depicted in Fig. 1 . Some of the procedures used are load-de ection and applied loadstrain plots corresponding to mid-width of the panel elements. In the present study, four di erent methods are used which are designated here as method I, method II, etc. Method I employs a plot of applied load (P) versus Inplane displacement (w In Plane ) at mid-span. Method II employs a plot of applied load (P) versus Square of the Deection Method (w ). Method III employs a plot of applied load (P) versus average in-plane strain (ε A ) in the direction of load. In this method, the applied load is plotted against the algebraic mean compressive strain, ε A = (ε +ε +ε )/3, where ε , ε and ε are in-plane strains on one sides of the specimen. Method IV uses a plot of applied load (P) versus of out-of-plane displacement (w center ).
Fig. 1. Methods used to Determine Critical Buckling Loads
The test specimen was inserted between the plates at the ends and the screws were tightened properly so that no slippage of the test specimen occurs. The tests were conducted on a computerized universal testing machine after positioning properly the test specimen using xtures as shown in Fig. 2 . The measuring instrumentation consists of back-to-back strain gages and three LVDTs (linear variable di erential transformers). Two LVDTs were positioned equidistant along the vertical center line of the test specimen to measure the out-of-plane displacement; the third one was xed to the moving jaw of UTM to measure the in-plane displacement. The testing was carried out with unloaded straight edges completely free. One loaded curved edge was restrained completely and the other loaded curved edge restrained except translationally in the direction of loading (Fig. 3) . 
Results and discussions
Isotropic cylindrical panels were tested in uniaxial compression; the panel angle varying from 60°to 120°, panel length varying from 100 mm to 200 mm and the panel wall thickness considered are 1.6 mm and 2.0 mm. The experimental values of the critical buckling load were determined in accordance with the Methods I through IV for both simple supported-free-simple supported -free(S-F-S-F) and Clamped-free-clamped-free (C-F-C-F) boundary conditions. Fig. 4 shows a typical buckled shape of the test specimen. The test results are presented in Tables 3 through 6 . Figs 5 through 20 shows the typical plots of applied load(P) versus in-plane displacement (∆), out-of-plane displacement(W), square of out-of-plane displacement (W ) and algebraic mean strain (ε) from which the experimental critical buckling load values have been determined according to the Method I through IV. Table 3 . Critical Buckling Load for Cylindrical Panels under C-F-C-F Boundary Conditions (R=38.5 mm, t -1.6 mm) Table 4 . Critical Buckling Load for Cylindrical Panels under S-F-S-F Boundary Conditions (R=38.5 mm, t -1.6 mm) Table 5 . Critical Buckling Load for Cylindrical Panels under C-F-C-F Boundary Conditions (R=58.5 mm, t -2 mm) Table 6 . Critical Buckling Load for Cylindrical Panels under S-F-S-F Boundary Conditions (R=58.5 mm, t -2 mm) The following observations are made. -Method III yields the highest experimental value for the critical buckling load and Method II yields the lowest value. The experimental values given by Method III are closest to the nite element solution. The percentage of discrepancy between the nite element solution and Method III is less than about 5%. For any given cylindrical panel, the experimental values of critical buckling load are less than the value given by the nite element analysis. The discrepancy may be attributed to the higher sti ness of the nite element model arising out of the nite degrees of freedom chosen, di erences between actual boundary conditions in the experiment and idealized conditions considered in the nite element analysis, inaccuracies in the geometry and load application during experiment among others [20] . For any given cylindrical panel, the discrepancies among the experimental values given by Methods I through IV are not much. -For a particular panel angle, the critical buckling load decreases as the panel length increases. The rate of decrease is initially high and becomes smaller for larger values of panel length. -The critical buckling load found to increase as the panel angle and thickness of the panel wall increases -The boundary condition has a signi cant e ect on critical buckling load 
Conclusions
The following conclusions are made in respect of buckling of cylindrical panels under uniaxial compression: -Method III (based on a plot of applied load versus average axial strain) yields the highest experimental value for the critical buckling load and Method II (based on a plot of applied load versus square of out-of-planede ection) yields the lowest value. -For any given cylindrical panel, the experimental values of the critical buckling load are less than the value given by nite element analysis. For any given panel, the discrepancies among the experimental values given by Methods I through IV are not much. -The values given by Method III are closest to thenite element solution. The percentage of discrepancy between the nite element solution and Method III is less than about 5% and may be neglected for all practical purposes. This information is of importance during the design. -For a particular panel angle, the critical buckling load decreases as the length of the panel increases, the rate of decrease being initially high and becomes smaller for larger values of panel length. -The panel angle is seen to have considerable in uence on critical buckling load value. -Critical buckling load increases monotonically as panel angle increases. -The boundary condition has a signi cant in uence on the critical buckling load, the C-F-C-F boundary condition yielding higher value compared to the S-F-S-F boundary condition. 
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